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Effects of protein intake on renal function and structure in partially
nephrectomized rats. To examine the effect of high protein intake on
renal function and structure in rats with 5/6 nephrectomy chronic renal
failure, we pairfed rats with chronic renal failure and sham-operated
control rats diets of 14 or 37% protein content for up to 6 months. High
protein intake accelerated mortality in rats with chronic renal failure
and resulted in a more rapid rate of decrease in renal function as
established by plotting the reciprocal of plasma creatinine versus time.
High protein intake also increased urine protein excretion in experi-
mental and control rats. High protein intake was associated with
increased tubular dilatation and interstitial inflammation, both of which
were striking features in rats with chronic renal failure. Glomerular
sclerosis was prominent in rats with chronic renal failure. These rats
had smaller glomerular tuft dimensions than control rats irrespective of
their protein intake. We conclude that high protein intake accelerates
the course of chronic renal failure in rats. The pathologic process
involves glomerular sclerosis; however, interstitial inflammation and
renal tubular changes leading to cyst formation also appear to influence
the process adversely.
Effet de l'apport proteique sur Ia fonction et Ia structure rénales de rats
partiellement néphrectomisés. Afin d'examiner l'effet d'un apport
proteique eleve sur Ia fonction et Ia structure rdnales de rats en
insuffisance rénale chronique par ndphrectomie des 5/6e, nous avons
nourri de facon appariée des rats ayant subi un simulacre d'intervention
avec des regimes contenant 14 ou 37% de protéines pendant 6 mois. Le
fort apport protéique a accéléré Ia mortalité des rats en insuffisance
rénale chronique et a entrainé une plus rapide vitesse de décroissance
de Ia fonction rénale, établie en reprCsentant l'inverse de Ia créa-
tininémie en fonction du temps. Le fort apport proteique a egalement
augmenté l'excrétion urinaire de protéines chez les rats contrôles et
experimentaux. Le fort apport protéique était associé a une augmenta-
tion de Ia dilatation tubulaire, et de l'inflammation interstitielle,
chacune étant une caractéristique marquante des rats en insuffisance
rénale chronique. La sclérose glomerulaire était notable chez les rats en
insuffisance rénale chronique. Ces rats avaient des touffes glomerulaires
de plus petites dimensions que les rats contrôles quel que soit leur
apport proteique. Nous concluons qu'un apport protéique élevé
accélére l'évolution de l'insuffisance rénale chronique chez les rats. Le
processus pathologique met en jeu une sclérose glomérulaire; cepend-
ant, l'inflammation interstitielle et les changements tubulaires rCnaux
aboutissant a Ia formation des kystes semblent egalement influencer le
processus de facon défavorable.
'Dr. Charles H. Kenner expired in October of 1984.
Evidence from studies in experimental animals and humans
supports the notion that unrestricted protein ingestion acceler-
ates the progression of chronic renal failure [1]. Recently,
Brenner, Meyer, and Hostetter [2] and Meyer, Anderson, and
Brenner [3] advanced a comprehensive hypothesis to account
for the progressive deterioration of renal function in chronic
renal failure. Based on available evidence, they proposed that
the combination of unrestricted high protein ingestion and
continuous feeding hastens the progression of chronic renal
failure by initiating sustained glomerular hyperperfusion. Ac-
cording to their schema, these hemodynamic alterations are
accompanied by hyperfiltration, damage to glomerular cells,
and inevitable glomerular sclerosis which in turn serves as a
positive feedback mechanism and leads to increased hyper-
perfusion of remaining glomeruli. Renal parenchymal ablation
is a standard model used to study the effect of high protein diets
on the progression of chronic renal failure in rats [4—10]. We
selected this model to examine not only the influence of
unrestricted dietary protein on the progression of renal damage,
but also to elucidate the morphological changes by means of
scanning electron microscopy. Our results support the notion
that ad libitum protein intake accelerates the renal failure;
however, the process appears to be a complex one and may
involve structural changes in addition to glomerulosclerosis.
Methods
Preparation of the model. One-hundred forty male Sprague-
Dawley rats weighing from 150 to 200 g were anesthetized with
pentobarbital. Seventy rats underwent 5/6 nephrectomy. The
left kidney was exposed through a left paramedian incision.
After freeing the left kidney of its capsule, a 2/3 nephrectomy
was performed by removing the upper and lower renal poles.
After a partial left nephrectomy, hemostasis was obtained with
gentle finger pressure lasting 2 mm or less. Three days later the
right kidney was decapsulated through a right paramedial
incision, and a total nephrectomy was done. Seventy more rats
underwent the same preparatory procedures. These animals
served as sham controls.
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Dietary regimens. All rats received the same diet for 2 weeks
(Rodent Laboratory Chow 5001, Ralston Purina Company, St.
Louis, Missouri, USA) after which they were assigned ran—
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Table 1. Diet of the animal groups formed (neph = 5/6
nephrectomized rat)
SHAM-L — 14% protein diet unrestricted in quantity (N = 30
shams)
SHAM-H —37% protein diet pairfed with SHAM-L (N = 30 shams)
SHAM-NP — 37% protein diet unrestricted in quantity (N = 10
shams)
—37% protein diet unrestricted in quantity (N = 30 neph)
— 14% protein diet pairfed with CRF-H (N = 30 neph)
— 14% protein diet unrestricted in quantity (N = 10 neph)
domly to six groups according to their renal function. These
regimens are outlined in Table 1. Two customized diets were
selected, 14 and 37% protein content (ICN Nutritional
Biochemicals, Cleveland, Ohio, USA) which were isocaloric
(386 kcalIlOO g) and contained equal amounts of mineral and
vitamin supplements. The two diets were prepared such that
sodium (0.48 g/lOO g), calcium (0.45 g/100 g), and phosphorus
(0.45 gIlOO g) content were equal. Food intake was measured
daily and pairfed rats received what their respective counter-
parts ingested the previous day. All rats had free access to tap
water.
We decided to include the precaution of pairfeeding in our
studies to avoid the potentially confounding effects of different
caloric and electrolyte intake between groups. This precaution
also assured us that the difference in protein intake between
groups would be maintained constant. In the partially nephrec-
tomized groups, the high protein intake animals had the poten-
tial of more adverse effects secondary to renal failure. Thus,
those animals were selected to serve as the reference group for
pairfeeding, We found from preliminary observations that the
normal rats preferred to eat the high protein chow. Therefore,
the sham group receiving low protein chow served as the
reference group. Finally, we included two additional control
groups which were allowed to eat chow ad libitum. They were
a partially nephrectomized group (CRF-NP) on the low protein
chow and a sham group (SHAM-NP) on the high protein chow.
These groups assured us that influences of caloric restriction in
any intervention would be avoided.
Tests of renal function. Creatinine clearance, weight, blood
pressure, and urine protein excretion were measured at
monthly intervals initially and then more frequently in the
course of the study. When animals in the chronic renal failure
groups developed renal failure severe enough to threaten sur-
vival, we measured the plasma creatinine of moribund animals
and then sacrificed them. When we analyzed renal function
data, we included only animals with adequate urine collections
in the comparisons of creatinine clearance and protein excre-
tion. Thus, animals requiring premature sacrifice were excluded
in those comparisons. An additional analysis was done which
consisted of plotting the reciprocal of the plasma creatinine
versus time for all animals. These individual slopes and the
mean slope of each group were then statistically compared.
BUN and creatinine were measured by automated methods
(Beckman Instruments, Fullerton, Ca1ifoinia, USA). Protein in
urine was determined by the Coomassie dye reaction [11].
Blood pressure was measured by tail cuff as previously de-
scribed [12].
Morphological procedures. Rats were sacrificed at 4 and 6
months for renal morphology with light microscopy, scanning
electron, and transmission electron microscopy. The rats were
placed on a heated tray to maintain body temperature at 37°C.
The lower abdominal aorta was cannulated with PE-90 tubing
and the superior mesenteric artery was ligated. The inferior
vena cava was severed and the aorta was ligated above the renal
artery. NaCl (20 ml, 0.9%), followed by 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.4, 37°C), was perfused
through the kidney(s) at previously measured systemic blood
pressures. The osmolality of this solution was approximately
300 mOsm/kg H20.
Kidneys studied by light microscopy were subjected to a
discrete histological grading scale. A semiquantitative histologi-
cal analysis of glomerular sclerosis (basement membrane
changes and decrease in number of capillary loops), interstitial
nephritis, tubular atrophy, dilatation, and casts of the kidneys
in the groups was done by an observer who was unaware of the
regimens. The severity and distribution of each of the changes
were scored on a scale of 0 to 4 as follows:
0 — Absence of the lesion
1 — The lesion is represented in less than 10% of glomeruli or
nephrons
2 — The lesion is represented in 10 to 50% of the glomeruli or
nephrons
3 — The lesion is represented in up to 50 to 90% of the
glomeruli or nephrons as moderate changes
4 — The lesion is represented in up to 50 to 90% of the
glomeruli or nephrons as severe changes
Renal casts for scanning electron microscopy were prepared
as described in previous studies [13]. Some kidneys were
perfused with methacrylate compound (Batson's No. 17,
Polysciences Inc., Warrington, Pennsylvania, USA) until a
trace of the material was observed in the renal vein. The renal
vessels were clamped at the hilum with a hemostat, the kidney
was removed from the body, and placed in 0.9% NaCI overnight
at room temperature to allow the methacrylate to polymerize.
Fig. 1A. Scanning electron micrograph (SEM) of the kidney from a low protein diet sham animal. No gross alterations are noted in the renal tissue.
The inset is a light micrograph (LM) of the same kidney. Abbreviations: G, glomerulus; T, tubules. (SEM x 11; LM x 2) B. SEM of the kidney
from a high protein diet sham animal and LM inset with no abnormalities noted. (SEM x 11; LM x 2) C. A low protein diet chronic renal failure
animal with dilated tubules (arrow) with and without cast material. The insert is a LM that also reveals dilated tubules. (SEM x 11; LM x 2)
D. SEM of the remnant kidney from a high protein diet chronic renal failure animal which is grossly enlarged with a spongy, cystic appearance.
Numerous tubules (arrow) are dilated throughout the cortex and outer medulla and contain cast material (C). Similar changes are seen in the LM
inset. (SEM X 11; LM x 2).
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Table 2. Data for the pairfed animals
CRF-H CRF-L SHAM-L SHAM-H F"
Creatinine clearance, ml/min/100 gm
Initial 0.289 (.014) 0.272 (.056) 0.423 (.060) 0.409 (.078) A
Final 0.181 (.031) 0.177 (.025) 0.429 (.040) 0.491 (.052) A
Serum creatinine, mgldl
Initial 0.648 (.032) 0.683 (.023) 0.423 (.025) 0.514 (.056) AFinal 1.136 (.168) 1.185 (.136) 0.527 (.037) 0.536 (.026) A
Serum urea nitrogen, mg/dl
Initial 29 (2.6) 27 (2.3) 9 (0.9) 11 (1.2) AFinal 97 (8.7) 42 (7.4) 14 (1,1) 12 (0.7) A,B
24-hr Urine protein, mg/dl
Initial 23 (5.3) 33 (4.0) 13 (0.9) 11 (1.8) A
Final 87 (6.0) 52 (5.3) 14 (4.1) 18 (2.4) A,B
Systolic BP, mm Hg 190 (8) 182 (5) 133 (6) 144 (11) A
Final weight, g
Total body 413 (18) 435 (11) 470 (9) 521 (7) A
Kidney(s) 4.23 (1.3) 2.16 (0.4) 116 (0.2) 1.86 (0.2) A,B
Mortality rate, % 46 6 0 0 A,B
For abbreviations, see Table 1.
"'A' indicates a significant difference between the sham and nephrectomized groups (P < 0.05); 'B' indicates a significant difference between
the CRF-H and CRF-L groups (P < 0.05).
The renal tissue was then dissolved by three repeated heatings Scotia) and a standardizing specimen (Secondary Images, Win-
(68 to 74°C) in 30% potassium hydroxide. chester, Ohio, USA).
The casts were allowed to cool, rinsed with distilled water, Large pieces (2 to3 mm) of renal cortical tissue for SEM were
and air-dried. They were dissected and mounted on stubs using postfixed in 2% OsO, washed in cacodylate buffer, dehydrated
silver paste (Peico Inc., Tustin, California, USA). These sam- through a series of alcohols to 100% ethanol, cryofractured in
pies were sputter-coated with gold/palladium using a Hummer liquid nitrogen, and transferred to a critical point dryer using
V (Technics Inc., Alexandria, Virginia, USA). Specimens were liquid CO as the transitional fluid. The dried tissue was attached
examined with the Amray l000A scanning electron microscope to aluminum stubs and sputter-coated with Au/Pd. The tissue
(SEM). A keyboard data and measuring system on the SEM was then examined with the scanning electron microscope and
served as a reference for, and assisted in, the collection of the photographed.
morphometric data. Appropriate steps were taken to assure that The data were analyzed by two- and three-way analysis of
these measurements were accurate. The diameter of the variance. Non-parametric tests were applied as appropriate.
glomerular tuft material was determined from preparations The 95% limits of probability were accepted as significant.
casted with methacrylate. The technique involved is described Fiducial limits are expressed as standard deviation (SD).
in detail elsewhere [13]. Briefly, all measurements were taken
from the display CRT screen at a constant magnification of Results
x350. Measurements were taken across the diameter of the
glomerular tuft material in three radius vectors, each separated The nonpairfed rats, sham and partially nephrectomized, had
by 60 degrees. Three such measurements were made of each values of renal function and body weight that were not different
glomerulus and the determinations were averaged to estimate from those of the pairfed counterparts. Further, the histological
the tuft material's diameter. The micron marker on the CRT appearance of kidneys from nonpairfed animals was not dif-
screen was used to determine the actual size of each tuft. On the ferent than those of the pairfed counterparts. Thus, the data
display CRT screen, the marker bar (100 t) was 7.75 cm in reported here will be restricted to the pairfed groups.
length. The accuracy of the magnification was checked using a The serum creatinine, blood urea nitrogen, creatinine clear-
6000 mesh high transmission grid (Maribac Ltd., Halifax, Nova ance, and urine protein values of the four pairfed groups are
Fig. 2A. A SEM of a renal corpuscle from a high protein diet sham animal which has normal capillary tufts (arrow). (SEM x 800) B. A inethacrylate
vascular cast of the glomerular tufts from a high protein diet sham animal showing normal uniform capillary loops (arrow). Abbreviations: AA,
afferent arteriole; hA, efferent arteriole. (SEM x 500) C. Renal corpuscle from the remnant kidney of the high protein chronic renal failure animals
with sclerosis. This corpuscle on SEM is decreased in size and has irregular appearing capillary loops. The arrows denote the variation in the
diameter of the capillaries from very large (double arrow) to very small (single arrow). (SEM x 800) D. This methacrylate vascular cast of a
severely sclerotic glomerular tuft from a high protein diet chronic renal failure animal shows capillary loops that are irreglar in shape and size.
There is an apparent reduction in tuft size due to the reduction in the number of capillaries. AA is afferent arteriole. (SEM x 500)
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summarized in Table 2. The initial and final mean creatinine
clearance of the chronic renal failure groups on the high and low
protein diets were significantly less than that of the sham rats (P
<0.05). There was no difference between the mean creatinine
clearance values of the two chronic renal failure groups, either
initially or at the scheduled measurement intervals, including
the time of sacrifice. However, the mortality rate of 46% in the
partially nephrectomized rats receiving high protein intake was
significantly greater than the 6% mortality rate of the cor-
responding low protein group as analyzed by Fisher's exact test
(P < 0.001). The plasma creatinine and BUN values were
elevated markedly in the animals which died prior to the
scheduled measurements. Correspondingly, the reciprocal of
serum creatinine versus time was plotted for each animal in the
chronic renal failure groups. The average slopes of the linear
regression were found to be —0.64 0.69, and —2.70 1.6 for
the low and high protein groups, respectively. These average
slopes are significantly different (P < 0.05) by the Wilcoxon
signed rank test. This result indicates that the mean rate of
decrease in renal function was greater for the partially nephrec-
tomized rats receiving the high protein intake. Proteinuria was
significantly greater in the rat groups receiving a high protein
intake. In addition, the blood urea nitrogen values of rats
receiving a high protein diet were greater.
The body weights at sacrifice (Table 2) were greater for sham
rats than they were for rats with chronic renal failure. However,
the respective pairfed groups did not differ in body weight.
Pairfed rats with chronic renal failure ingested an average of
21.5 g of feed per day. Pairfed sham rats, on the other hand, ate
25.3 g per day. The nonpairfed rats with chronic renal failure,
which received low protein feed, ingested 23.7 g per day. The
nonpairfed sham rats, which received high protein feed, in-
gested 25.9 g per day. Rats with chronic renal failure had
significantly higher blood pressure than control rats. Protein
intake could not be shown to have any influence on blood
pressure.
The wet weights of the perfused kidneys are in Table 2. The
renal weights of both chronic renal failure groups were larger
than the sham groups. Further, the kidney weights of either
sham or chronic renal failure high protein groups were greater
than their respective pairfed low-protein diet groups. Grossly,
the chronic renal failure group had kidneys that were enlarged
markedly with a spongy texture, and when cross-sectioned they
were cystic in appearance. These cystic changes were striking
and more prominent in chronic renal failure rats receiving the
high protein diet, compared to their low protein intake counter-
parts (Fig. lA to lD).
Light and scanning electron microscopy revealed damaged
glomeruli in both chronic renal failure groups when compared
to the sham groups (Figs. 2A to 4B). However, there was no
difference in the severity of the glomerulosclerosis between the
Table 3. Semiquantitative analysis of the histological findings in the
pairfed groups
CFR-H
(N = 9)
CRF-L
(N 11)
SHAM-L
(N = 12)
SHAM-H
(N = 15) P
Tubular atrophy 1.78 1.64 0.08 0.33 A
Tubular dilation 3.34 1.64 0 0 A,B
Interstitial
nephritis
Cortex
Medulla
2.78
3.11
1.54
2.18
0.08
0
0.13
0
A,B
A,B
Glomerular
sclerosis
Casts
2.56
1.56
1.82
1.18
0
0
0.27
0.08
A
A
For abbreviations, see Table 1.
'A' indicates a significant difference between SHAM and CRF
groups; 'B' indicates a significant difference between CRF-H and
CRF-L groups.
two animal groups with chronic renal failure. These glomeruli
were characteristically small and irregular in shape (Figs. 2C,
2D, and 4B). The mean glomerular tuft diameter of the sham
rats was 159 20 .t while that of the rats with chronic renal
failure was 114 13 (P < 0.01). There was no difference in
the measured glomerular diameters when the high and low
protein groups were compared. The capillaries of the sclerotic
glomeruli were irregular in size and reduced in number when
compared to the sham rats (Fig. 2A to D).
Changes were also noted in the glomerular endothelial,
visceral epithelial, and mesangial cells. Mesangial cell
hyperplasia ranged from moderate to severe in the damaged
glomeruli (Fig. 4A and B) while in the visceral epithelium
numerous granules and vacuoles as well as a loss of foot
processes occurred (Figs. 3A and B, 4A and B). Focal areas
along the glomerular capillaries showed a dramatic reduction in
the size and number of endothelial fenestrae (Fig. 3C and D).
Nephrons from the animals with chronic renal failure showed
two major types of changes: atrophy or enlargement associated
with hypertrophy and hyperplasia. Marked tubular enlargement
was seen in the entire cortex and outer medulla. This change
was significantly more prominent in the high protein chronic
renal failure group than in the corresponding low protein
chronic renal failure group (Table 3). All segments of the
nephron were involved, with the greatest degree of dilation
occurring in the proximal and collecting tubules (Fig. 4C and
D). Many of these dilated tubules were filled with cast material
(Fig. 1D). Areas of hyperplasia and/or hypertrophy were com-
monly noted along the length of the enlarged nephrons while the
Fig. 3A. Glomerular visceral epithelium appears normal in the sham animals with elaborate interdigilations of the slender foot processes (arrow).
(SEM x 1100) B. There was sclerosis of glomeruli in both the low and high protein diet chronic renal failure animals with varying degrees of injury
to the visceral epithelium. This glomerulus from a high protein diet chronic renal failure animal shows extensive loss of delicate interdigitation of
the foot processes. (SEM x 900) C. Glomerular endothelial cells from the sham animals in all groups were normal with numerous uniform
fenestrae (arrow) shown in this SEM of a fractured capillary loop from a high protein diet sham rat. (SEM x 16,000) D. Capillary loops of the
glomeruli of the chronic renal failure animals revealed endothelial cell injury characterized by a dramatic reduction in the number offenestrae and
variation in their size. The arrows point to very small diameter fenestrae (single arrow) and large fenestrae (double arrow) in this high protein diet
chronic renal failure animal. (SEM x 14,000)
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collecting tubules showed mostly hyperplasia (Fig. 5A and C)
and the proximal tubules both hyperplasia and hypertrophy
(Fig. 5B). Occasionally medullary collecting tubules from the
high protein chronic renal failure group revealed micropolyp
formation which projected into the tubular lumen (Fig. 5C).
Mitotic activity was identified easily in the collecting tubules
(Fig. 5A). Dilated proximal tubules possessed cells that showed
injury (Fig, 5D). Atrophic tubules were found throughout the
kidney but with a higher occurrence at the two polar ends of the
remnant kidney of the chronic renal failure group. All segments
of the nephrons appeared to be involved. The severity of the
atrophy appeared to be equivalent between the two groups with
chronic renal failure.
Another alteration noted in both groups was significant
interstitial nephritis characterized by cellular infiltration and
fibrosis. This change was located predominantly in the outer
medulla and inner cortex. The degree of the interstitial inflam-
mation was significantly greater in the high protein chronic
renal failure group (Table 3).
Discussion
Dietary protein restriction retards the relentless progression
of chronic renal failure in experimental animals [4, 5, 7] and
may also do so in humans [14]. The putative mechanisms have
been the topic of recent reviews [1—3]. Unrestricted intake of
protein rich diets has been shown to lead to an increase in renal
size, in renal blood flow, and whole kidney glomerular filtration
rate [1, 2, 5, 6, 15]. Deen et al [16] found that these changes
were accompanied by increases in superficial cortical single
nephron glomerular filtration rate, plasma flow, and mean
transcapillary pressure. Other investigations have shown that
the glomerular permeability to macromolecules is altered as
well [9]. These findings provide evidence for the hypothesis that
progression of chronic renal failure occurs because of glomeru-
losclerosis related to hyperperfusion injury.
The purpose of our study was to re-examine the effect of
dietary protein intake on the progression of chronic renal failure
in pairfed rats and to correlate functional observations with
changes in renal morphology. Scanning electron microscopy
provides a unique tool with which to examine the glomerular
filtration barrier, glomerular vasculature, and general renal
architecture [17]. The same techniques were used by other
investigators [18] in a study of the glomerulopathy associated
with renal infarction in rats. In that study hypertension, pro-
teinuria, and decreased renal function occurred. A glomeru-
lopathy ensued, which featured fibrin deposits, platelet
thrombi, both obliteration and dilation of capillary loops, and
glomerular senescence. The progression of this experimental
chronic renal disease appeared to be attenuated by antihyper-
tensive treatment. The authors postulated a series of events
following renal infarction to explain their findings. These in-
cluded the release of vasoactive substances, increased glomeru-
lar permeability, subendothelial and mesangial deposits, local
coagulopathy, and eventual thrombosis with scarring. Parallels
between that study [181 and our own effort are readily apparent.
We also hoped to gain insight into potential mechanisms pro-
moting the development of chronic renal failure by paying
particular attention to renal structure during the course of the
disease. The intervention treatment in our case was protein
intake rather than blood pressure reduction or anticoagulation.
The selected 14% protein diet we used has been shown to
provide effective protein restriction while still allowing for all
the nutritional requirements of the animals [4, 7]. A lower
protein intake has evoked even greater differences in renal
function than those we describe, but developmental problems
associated with nutritional deprivation may occur [7]. Electro-
lyte content was maintained constant. We took the precaution
of pair feeding our animals to assure ourselves that each
experimental and corresponding control group differed only
with respect to protein intake. We also included two additional
ad libitum intake groups. This precaution was to allow the
detection of other disturbances perhaps resulting from food
restriction engendered by pair feeding. None were encoun-
tered.
The results of our study confirm the observation that a high
protein intake accelerates the course of chronic renal failure in
rats. Glomerular filtration rate, as reflected by plotting the
reciprocal of plasma creatinine through time, deteriorated at a
more rapid rate in chronic renal failure rats on high protein
intake than in similar rats receiving a low protein intake. The
reciprocal of creatinine versus time relationship is remarkably
linear and constant for any given individual with chronic renal
failure [19, 20]. Since we designed a fixed time course for
certain measurements of renal function, such as determinations
of creatinine clearance and urinary protein excretion, those
measurements were necessarily obtained in rats surviving to the
time of measurement. We found that the course of renal failure
in our animals was highly variable, and that individual animals
in the chronic renal failure groups were dying of their disease,
as confirmed by BUN and plasma creatinine measurements,
prior to the time of formal measurements for each group. Thus,
animals undergoing formal measurements of renal function,
such as creatinine clearance, were subject to the process of
selection. This feature, as well as the relative insensitivity of the
creatinine clearance determinations [21], resulted in our failure
to find a significant influence of protein intake on creatinine
clearance at these scheduled intervals. In addition, the mortal-
ity rates of rats with chronic renal failure receiving a high
protein intake were significantly greater than in control rats.
Thus, high protein intake resulted in more rapid and more
severe loss of renal function in response to partial nephrectomy
compared to relatively low protein intake.
Animals receiving high protein intake also featured higher
Fig. 4A. The renal corpuscles from both groups of sham animals are normal in appearance on LM with umform distribution of mesangial ce/b
(M) and delicate capillary loops (arrow). (LM x 600) B. This glomerulus of a high protein diet chronic renal failure animal shows numerous
changes which include a loss of capillary loops, variation in their diameter, prolifr ration of the mesangial cells (M), vacuoles (V), and granules
(arrow) in the visceral epit he//al ce/Is with fusion of the parietal and visceral layers of Bowman's capsule (double arrow). (LM x 600) C. Numeroui
dilated proximal tubules (arrow) are seen on this SEM, of a high protein diet chronic renal failure animal, in the cortex with some tubules fihle
with cast material. (SEM x 100) D. Dilated segments of collecting tubules (arrow) were noted in the same kidney as shown in Figure 5 throughou
the cortex and outer medulla. (SEM x 17)
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urine protein excretion, irrespective of renal function. Such
responses have been described previously [4, 5]. Renal ablation
gave rise to arterial hypertension. However, we were unable to
detect an influence of protein intake on blood pressure in our
model. The differences in protein intake resulted in correspond-
ing differences in blood urea nitrogen content of the chronic
renal failure animals.
Our morphological analysis confirmed the presence of
glomerular sclerosis shown by other studies [8, 10, 22, 23],
documented not only by qualitative inspection of methacrylate
casts of capillary loops, but also by the quantitative analysis of
glomerular volumes. We could show no statistically significant
influence of protein intake on glomerular volumes in the chronic
renal failure groups at this stage of the process. However, we
also identified striking cystic changes in rats with chronic renal
failure. A semiquantitative grading scale revealed that both
tubular dilatation and interstitial fibrosis were significantly
influenced by protein intake in rats with chronic renal in-
sufficiency. In our opinion, these changes have received less
than warranted attention. Such changes have been observed
previously in the 5/6 nephrectomized model, and are known to
occur in human end stage renal disease as well [4, 24]. Although
the mechanism for nephron enlargement is defined imperfectly,
we have suggested the polypoid hyperplasia and hypertrophy
may participate in cyst formation [25]. Bricker, Klahr, and
Rieselbach [26] and Bricker and Fine [27] emphasized that
solute diuresis due to hyperfiltration and high urea loads, which
may be aggravated by high protein intake, plays an important
role in adaptation to the uremic state. Hyperfiltration not only
increases excretory capacity, but also leads to an increase in
active transport, resultant energy requirements, oxygen con-
sumption, and cellular metabolism [28, 291. The genesis of
injury and reactive hyperplasia in distal tubules and collecting
ducts under these circumstances is unclear. A toxic metabolic
insult related to vulnerability mediated by high transport activ-
ity remains a possibility [30]. Renal hemodynamic studies
suggest that proportionate increases in inner cortical blood flow
accompany changes in outer cortical blood flow. Direct mea-
surements made in microdissected nephrons indicate an in-
crease in tubular length as well as an increase in nucleotide and
protein content of tubular epithelial cells [27, 31]. Conceivably,
tubular obstruction and subsequent dilatation in the face of
increases in cortico-medullary blood flow, and increased meta-
bolic requirements engendered by high protein intake in the
setting of chronic renal failure, contribute to the vulnerability of
this portion of the kidney. The appearance of hyperplastic and
polypoid changes in certain collecting tubules coupled with
increased flow in remaining nephrons may lead to acquired cyst
formation under these circumstances. Interstitial proliferation,
inflammation, and scarring were prominent features as well.
Recent studies of macrophage-dependent arachidonate metabo-
lism in a model of hydronephrosis provide a schema how
tubular obstruction may induce mononuclear cell invasion and
interstitial cell proliferation [32]. We suggest that such changes
are influenced adversely by protein intake, and contributed to
the progressive nature of the chronic renal failure in our rats.
In summary, our data support the notion that high protein
intake accelerates chronic renal failure in rats undergoing
partial nephrectomy. The morphology of the lesion features
glomerular sclerosis, However, striking acquired cystic disease
associated with renal tubular changes and interstitial nephritis
also occurs, which is made even more prominent by high
protein intake. We suggest that the adverse influence of a high
protein diet on renal function includes the development of
cystic and inflammatory changes which contribute to the pro-
gressive nature of the renal failure.
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